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Abstract
Precipitation reaction is investigated in a far from
equilibrium system by introducing a continuous
flow of the homogeneous mixture of water-soluble
metal salts into sodium oxalate solution. The
spreading gravity current maintained by the den-
sity difference between the solutions creates a ra-
dially symmetric precipitate pattern that contain
spatially separated copper oxalate monohydrate
and cobalt oxalate tetrahydrate, indentified by X-
ray diffraction measurements. In the transition
zone, a unique crystalline composite containing
copper oxalate plates with cobalt oxalate coating
also forms.
Introduction
In a homogeneous supersaturated solution nucle-
ation, as a first step of precipitation, can occur
in the entire volume. This classical setup ini-
tially lacks any spatial gradients that could keep
the system away from the thermodynamic equi-
librium allowing self-organization to arise.1 On
the other hand, flow-driven systems represent an
entirely different scenario with nucleation taking
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place only at confined zones where the reactants
come into contact and mix locally.2,3 Gradients
of concentration,4 pH,5 density,6,7 and pressure8
may drive the precipitation reaction to yield prod-
ucts that are unfavorable in well-stirred reactors.
When a simple precipitation reaction is coupled
with flow by injecting a liquid into another one,
spatial gradients can be maintained leading to un-
usual precipitate structures.9–13 If the inflowing
fluid has greater density, it spreads out at the bot-
tom of the container in the form of a gravity cur-
rent, which creates a strong convection roll at its
tip. Nucleation occurs only in this zone of local
mixing; the resulting precipitate pattern will de-
pend on the nature of the reaction and the deli-
cate flow pattern accompanying the gravity cur-
rent. Behind the tip an unstable stratification de-
velops leading to smaller convection rolls trans-
verse to the direction of radial spreading. Sed-
imentation is favored on the side of downward
flow within these vortices, hence in the copper–
oxalate system with slow precipitation process ra-
dially growing thin lines of precipiate evolves.9,14
With practically instantaneous precipitation, the
precipitate-lean zones separating the radial lines
become less significant or even vanish, and in-
stead an expanding precipitate disk appears as ob-
served in the calcium–oxalate,15,16 the calcium–
carbonate,17 and the cerium–phosphate system.18
The non-equilibrium conditions maintained by
the gradients have allowed the synthesis of the
thermodynamically unstable calcium oxalate dihy-
drate crystalline form using a simple flow system
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without chemical additives.15 Adjusting the flow
rate have provided a control over the formation
of cobalt oxalate crystals with unique morphol-
ogy14 or over the selective synthesis of calcite in
the calcium–carbonate system.17
In this work, we are studying the precipitate for-
mation of cobalt and copper oxalate, the morphol-
ogy control of which is of great interest, since
these materials precursors in the fabrication of
metal oxide catalysts with different structure.19
The similarity in the ionic radii of these tran-
sition metal elements can support the formation
of solid solutions, like Co0.7Cu0.3C2O4 · 2H2O,20
which can be distinguished from the mixture of
metal oxalates by X-ray diffraction.21 The spinel
type copper cobaltite catalysts can be prepared
by sol-gel synthesis, thermal decomposition of ni-
trate solutions or different coprecipitation meth-
ods like hydroxide, carbonate, or oxalate precipi-
tation.22–25 The supported copper cobalt oxide and
the Co2Cu catalyst prepared by coprecipitation is
used for CO hydrogenation to achieve higher al-
cohols and ethanol.26–28 The spinel-type binary
transition metal oxides are utilized as supercapac-
itors29 or electrodes for oxygen evolution reac-
tions.30
Transition-metal oxalates are common biomin-
erals found in nature which are typically pro-
duced via weathering due to lichen activity.31,32
The first reported hydrated copper(II) oxalate min-
eral, called moolooite with the general formula
CuC2O4 ·nH2O, where 0< n< 1, is formed by the
interaction of bird guano and copper sulphide. The
copper oxalate built from ribbon-like units consists
of Cu2+ and C2O2−4 ions with octahedral coordi-
nation and the water content does not have a great
influence on its structure.33 In the field of envi-
ronmental biotechnology, toxic metal compounds
can be immobilized by biomineralization, provid-
ing metal biorecovery and bioremediation.34 The
microbial group of fungi is able to create insoluble
transition metal oxalate biominerals by excreting
oxalic acid.31,32,35
Crystallization-based separation processes are
widely used in different fields of industry. A
mixture of metal salts solution can be separated
by fractional crystallization via a chemical reac-
tion based on the different solubility products of
the solid components.36 This method can be uti-
lized in the field of chemical engineering to pro-
duce materials with high purity or recover valuable
elements from waste solution.37 The process is
well known in the formation of minerals from the
basaltic magma driven by the density differentia-
tion of the crystalline forms.38 Furthermore, com-
positional convection may occur in hydrothermal
vents, when a cooling liquid from below contain-
ing more than one components leads to unstable
density gradients by the crystallization process.39
Here we investigate oxalate precipitate forma-
tion in a mixture of copper and cobalt salt solution.
The introduction of flow allows the development
of gradients that leads to the spatial separation
of the copper and cobalt oxalate, representing an
analogy to fractional crystallization, and provides
a control over the crystal morphology. Our exper-
imental study is also augmented with equilibrium
calculations to identify the dominant species in the
system.
Theoretical section
In order to calculate the equilibrium composition,
we consider the complex formation of oxalate ions
in the aqueous phase according to
M2++C2O
2−
4
βOx,1−−−⇀↽ − MC2O4 (1)
M2++2C2O
2−
4
βOx,2−−−⇀↽ − M[C2O4]2−2 (2)
M2++HC2O
−
4
βHOx,1−−−−⇀↽ − M(HC2O4)+ (3)
Co2++2HC2O
−
4
βHOx,2−−−−⇀↽ − Co(HC2O4)2 (4)
in the presence of hydroxo complexes with 1 ≤ n
≤ 4
M2++nOH−
βn−⇀↽− M(OH)2−nn (5)
2Co2++OH−
β21−−⇀↽− Co2(OH)3+ (6)
2Cu2++2OH−
β22−−⇀↽− Cu2(OH)3+2 (7)
along with the protonation processes of oxalate
ions via
C2O
2−
4 +H
+ KH,1−−−⇀↽ − HC2O−4 (8)
HC2O
−
4 +H
+ KH,2−−−⇀↽ − H2C2O4 (9)
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When the solubility products associated with
MC2O4(s)
Ksp,MOx−−−−−⇀↽ − M2++C2O2−4 (10)
M(OH)2(s)
Ksp,M(OH)2−−−−−−⇀↽ − M2++2OH−(11)
are reached, the amount of solid precipitate in unit
volume is also taken into account in constructing
the balance equations.
The equilibrium composition has been calcu-
lated by solving the component balance equations
for cobalt(II), copper(II) and oxalate ions for var-
ious total concentrations. The total concentration
of the metal ions is set to cM,T = 0.05–0.4 mol/dm3
and that of the oxalate to cOx,T = 0.05 mol/dm3.
Wolfram Mathematica is then used to solve the set
of nonlinear equations (see constants in Table 1).
The solubility product of the solid copper oxalate
is determined by measuring conductivity using the
supersaturated solution method.
Table 1: Solubility products and equilibrium con-
stants40,41 used in the calculations
pKsp,CoOx = 8.57 pKsp,Co(OH)2 = 14.60
log10KH,1 = 3.55 log10KH,2 = 1.04
log10βOx,1 = 3.25 log10βOx,2 = 5.60
log10βHOx,1 = 1.61 log10βHOx,2 = 2.89
log10β1 = 3.78 log10β2 = 8.32
log10β3 = 9.66 log10β4 = 9.54
log10β21 = 3.10
pKsp,CuOx = 8.76 pKsp,Cu(OH)2 = 18.90
log10βOx,1 = 4.84 log10βOx,2 = 9.21
log10βHOx,1 = 2.49
log10β1 = 5.50 log10β2 = 12.80
log10β3 = 14.50 log10β4 = 15.60
log10β22 = 16.81
Experimental section
A constant volume of 250 mL of sodium oxalate
(VWR) solution is poured into a glass vessel of
22 cm × 22 cm × 5 cm size with an inlet hole
at the bottom center. Its concentration is varied
in the range of 0.05–0.1 mol/dm3 with pH set to
6.25± 0.03 by nitric acid. The homogeneous mix-
ture of copper sulfate and cobalt nitrate (Scharlau)
solution with 0.8 mol/dm3 concentration in 1:1 ra-
tio is introduced by a peristaltic pump (Ismatec
Reglo) at a constant flow rate of 20 mL/h over 8
minutes as seen in Fig. 1. The experiments are
carried out at ambient temperature (22 ± 1 ◦C).
Co(NO3)2 
+ 
CuSO4 
Peristaltic  
pump 
Sodium oxalate solution 
Camera 
Figure 1: Schematic picture of the experimental
setup.
The evolution of the macrostructure is recorded
by Unibrain (Fire-i 630c) and Fujifilm Finepix (HS
30 EXR) digital cameras from the top. As the pre-
cipitate spreads out, it remains at the bottom of the
vessel, hence for the collection of solid samples,
the crystals are first washed with distilled water
and dried at ambient temperature. The morphol-
ogy of the crystals is observed by a field emission
scanning electron microscope (Hitachi S-4700).
The composition of the microstructure is analyzed
by energy dispersive spectrometry (Hitachi S-4700
with Röntec X-flash detector) and by a powder X-
ray diffractometer (Rigaku Ultima IV) with CuKα
radiation and 2θ scan in the range of 13–55◦ with
a step size of 1–2 ◦/min. Along the radius of
the circular precipitate pattern, the spatial distribu-
tion of the cobalt and copper elements is measured
at normal atmospheric pressure by fluorescence
spectrometry (Horiba Jobin-Yvon XGT–5000 mi-
cro XRF) with the incident X-ray generated from
a Rh anode under the conditions of 30 kV and
40 mA by the X-ray guide tube 10 µm in diameter.
The cobalt/copper ratio in the precipitate is deter-
mined from the recorded the UV–vis spectra of the
dioxalato complexes obtained by dissolving 0.1 g
precipitate in 20 mL, 0.2 mol/dm3 sodium oxalate
solution. The well-stirred reference experiments
are carried out as control systems where 25 mL of
sodium oxalate solution is mixed with 25 mL so-
lution containing both copper and cobalt ions for
20 min or 24 h.
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Results and discussion
The concentration distributions, obtained for vari-
ous chemical composition, reveal how the amount
of metal oxalate precipitates is expected to change
as the function of the total oxalate concentration
relative to that of the metal ions (R) (see Fig. 2).
When metal ions are in high excess (R < 10−4),
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Figure 2: The amount of metal oxalate precipitates
in a unit volume as the function of the total oxalate
concentration relative to that of the metal ions (R).
The solid lines correspond to the copper oxalate
precipitate, while the dashed ones to the cobalt
(II) oxalate. The blue lines depict the results with
[Cu2+]T = [Co2+]T = 0.4 M while the magenta
those with [Cu2+]T = [Co2+]T = 0.05 M. Dotted
lines represent the composition of the precipitates
in the reference batch experiments.
there is no significant precipitate formation, as
hydrated metal ions are the dominating species.
On increasing R, copper oxalate precipitate ap-
pears first because of its slightly lower solubil-
ity product and stronger affinity to form oxalato
complexes. The appearance of solid cobalt(II) ox-
alate only occurs at R = 0.17, which also breaks
the increase in the amount of copper oxalate. The
range of coexisting copper and cobalt oxalate pre-
cipitates ends by the dissolution of copper ox-
alate into dioxalato complexes by the further ad-
dition of oxalate ion. At greater excess of oxalate
ion (R > 102), the formation of dioxalato com-
plexes are dominant for both metals. The same
behavior is observed at lower metal ion concentra-
tions, with less precipitate forming. In Fig. 2, we
have also marked the calculated composition for
the well-stirred reference experiments with dotted
lines, which suggests that when R = 0.0625 with
[Cu2+]T = [Co2+]T = 0.4 M, copper oxalate pre-
cipitate forms only, while in case of R = 0.5 with
[Cu2+]T = [Co2+]T = 0.05 M, both precipitates
coexist.
In the flow-driven system, the homogeneous
mixture of cobalt and copper salts is pumped
into the less dense stock solution of sodium ox-
alate, hence the transition metal containing solu-
tion spreads out horizontally at the bottom of the
vessel leading to the formation of a gravity flow.
The leading edge of the gravity current is hydrody-
namically unstable creating a mixing zone where
the precipitates form. Furthermore, the gravity
current drives the sedimentation of the solid par-
ticles along the side of downward flow within the
convection rolls perpendicularly to the spreading.
The formation of the macroscopically distinct fila-
mental precipitate pattern is defined as a footprint
of the gravity current similar to the pure copper
oxalate9 or cobalt oxalate14 systems. The precip-
itate pattern consists of an inner circle with less
precipitate sedimentation in the vicinity of the in-
let, which is surrounded by a pinkish then a blue
precipitate zone. Moving outward, the radial lines
change colors from blue to pale pink as seen in Fig.
3 (a). The light blue parts correspond to the copper
oxalate precipitate and the pale pink regions are
identified as the solid cobalt oxalate. Thus, in spite
of the small difference in the solubility products of
copper and cobalt oxalate, significant spatial sepa-
ration can be achieved using this flow-driven syn-
thesis.
The microstructure of the dry precipitate is in-
vestigated at two different oxalate concentrations
by scanning electron microscopy and the compo-
sition of the characteristic crystalline forms is an-
alyzed by energy dispersive spectrometry. The in-
ner bluish part consists of spherical copper(II) ox-
alate particles with diameter of∼ 5 µmmixed with
cobalt oxalate 5 µm long needle-like crystals as de-
picted in Fig. 3 (b). Toward the tip of the filaments,
the shape of the particles changes in accordance
with the color transition. By moving farther from
the inner blue area, cobalt(II) oxalate prismatic
crystals with diameter of 20–25 µm dominate as
seen in Fig. 3 (c–d), building up the bright pink fil-
amental structure. In the presence of copper ions,
the resultant rod-like and prismatic aggregates of
the cobalt oxalate crystals are different from the
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spherulite morphology of the pure cobalt oxalate
precipitate synthesized in a flow-driven system.14
Figure 3: The filamental structure of the
copper–cobalt-oxalate precipitate pattern (a) and
the SEM images of the microstructure from
the corresponding zone (b–d). Experimen-
tal conditions: [M2+] = 0.8 mol/dm3,
[Na2C2O4] = 0.1 mol/dm3 and w = 20 ml/h,
t = 480 s.
Comparison of the size and the morphology in
the flow-induced and the well-stirred batch exper-
iments demonstrates that the presence of spatial
gradients leads to the formation of larger parti-
cles. The simultaneous addition of the sodium ox-
alate solution ([Na2C2O4] = 0.1 mol/dm3) to the
copper sulfate solution ([Cu2+] = 0.8 mol/dm3)
yields copper oxalate precipitate in a few seconds
with hollow ellipsoid morphology and diameter 1–
2 µm. When oxalate concentration is decreased
to 0.05 mol/dm3, cushion-like particles are the
products with uniform distribution. The refer-
ence batch synthesis for the mixed copper–cobalt-
oxalate system using 1:1 metal ion:oxalate ion mo-
lar ratio reveals the formation of smaller solid par-
ticles in contrast to the flow synthesis, resulting
in a mixture of spherical copper oxalate and pris-
matic cobalt oxalate particles as seen in Fig. 4 (a).
By using eightfold metal ion excess in the one-pot
experiments with concentrations identical to the
flow synthesis, we can produce pure copper ox-
alate precipitate with platelles morphology (Fig. 4
(b)). This is in good agreement to the prediction
of equilibrium calculation.
µ5  m
µ5  m
(a)
(b)
Figure 4: SEM images of the precip-
itates in the well-stirred reference sys-
tems of [Na2C2O4] = 0.1 mol/dm3 and
[M2+] = 0.1 mol/dm3 resulting in a mix-
ture of copper and cobalt oxalate (a) and of
[M2+] = 0.8 mol/dm3 leading to pure copper
oxalate (b). In both cases t = 20 min and r = 400
rpm.
To determine the composition of the solid par-
ticles in the mixture, we have also analyzed the
samples by X-ray diffractometry. The less sta-
ble cobalt(II) oxalate tetrahydrate (orange diffrac-
togram in Fig. 5) forms first, in accordance with
our previous work,14 which later transforms into
dihydrate (red curve). A reference pure copper
oxalate precipitate (light blue curve) is also syn-
thesized by the flow-driven method under the con-
ditions identical to those in Fig. 3. The diffraction
pattern of the bluish part proves that the sample
contains the mixture of the copper oxalate mono-
hydrate and cobalt oxalate dihydrate as seen in Fig.
5.
By decreasing the concentration of the sodium
oxalate, the density difference between the solu-
tions increases and the gravity current strengthens
which leads to the disappearance of the precipi-
tate ring around the precipitate-free inner region.
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Figure 5: The powder diffraction pattern of the
greyish pink cobalt oxalate tetrahydrate (JCPDS
No. 00-037-0534) (orange line), the bright pink
cobalt oxalate dihydrate (JCPDS No. 00-048-
1068) (red line), and the sample from the blue ring
of the precipitate in Fig. 3 (purple line). The exper-
imental conditions are identical to those of Fig. 3.
Also shown is the pure copper(II) oxalate synthe-
sized similarly (JCPDS No. 210-297) (cyan line).
The filamental structure hence becomes more dis-
tinct as depicted in Fig. 6. The X-ray fluorescence
analysis reveals the radial distribution of the cop-
per and cobalt elements. At the edge of the trans-
parent circle, the copper rich area contains 85 %
copper atoms (see Fig. 7 (a)). The copper to cobalt
ratio becomes 1, creating a transition zone 58 mm
far from the inlet. At the tip of the filaments, 96 %
cobalt content is achieved due the depletion of the
copper ions at the bottom as the precipitate pattern
develops.
The microstructure of the solid particles com-
prising the filaments is characterized with various
crystalline forms along the radius from the rim of
the precipitate free area to the tip of the precipi-
tate filaments. The inner copper rich zone exhibits
spherical copper oxalate particles with needle-
shaped cobalt oxalate as observed at greater ox-
alate concentration, see in Fig. 7 (b). In the transi-
tion zone, there are 5 µm long crystals that com-
prise copper oxalate plates with cobalt oxalate
coatings as illustrated in Fig. 7 (c). At the tip of
the filaments rod-like cobalt oxalate crystals dom-
inate with the length of 10 µm.
Figure 6: The photo of the bluish filamental
structure developed in the flow-driven copper–
cobalt-oxalate system at t = 420 s (a). En-
largement of the precipitate propagation with the
temporal evolution of the filaments at t = 15 s
(b), t = 45 s (c), and t = 90 s (d). Exper-
imental conditions: [M2+] = 0.8 mol/dm3,
[Na2C2O4] = 0.05 mol/dm3 and w = 20 ml/h.
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Figure 7: The spatial distribution of the cobalt and
copper in 15×5 mm×5 mm scanning area started
13 mm far from the inlet (a). SEM image of the
precipitate in the range of 13-53 mm far from the
inlet (b), in the transition zone up to 68 mm (c),
and at the tip of the filaments (d). The experimen-
tal conditions are identical to those of Fig. 6.
Conclusion
Precipitate pattern formation in the copper–cobalt-
oxalate system is investigated far from equilibrium
by introducing the continuous flow of the homo-
geneous mixture of the water-soluble metal salts.
Upon contact with sodium oxalate solution, the
precipitation process is not instantaneous leaving
a clear liquid free of solid particles around the in-
let. The spreading solution at the bottom in the
form of a gravity current then results in radially
growing lines along which precipitate sedimenta-
tion occurs. Along these lines, the spatial separa-
tion of copper oxalate monohydrate and cobalt ox-
alate tetrahydrate takes place, as supported by X-
ray diffractometry. The microstructure of the solid
particles is characterized with rod-like and pris-
matic aggregates instead of the spherulite shape
associated with pure cobalt oxalate. Furthermore,
in the thin transition region, unique crystals con-
taining copper oxalate plates with cobalt oxalate
coatings are observed. These experiments demon-
strate that the presence of spatial gradients, main-
tained by the flow in this particular example, can
be utilized in a controlled manner in synthesizing
precipitates with morphology different from those
obtained in well-stirred batch systems.
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